By inducing augmentation and then measuring the and Quastel, 1965). The synapses were found to recover size of the readily releasable pool, we show here that their original strength after a sufficient amount of rest, augmentation is not associated with an increase in the and thus these temporary changes in synaptic efficacy size of the readily releasable pool. It is instead caused are now collectively referred to as "short-term plasticity" by an increase in the average fraction of the pool that (reviewed by Zucker, 1989). Most short-term plastic can be released by a single action potential. changes result from a modulation of the probability with which individual synaptic terminals release quantal packets of transmitter in response to an action potential 
an osmotic shock does not affect the postsynaptic quantal response size (Bekkers et al., 1990; Stevens and Tsujimoto, 1995; Stevens and Wesseling, 1998), and so the contents of the pool can be measured up to a proportionality constant by simply recording the synaptic currents evoked by hypertonic challenge. We were able to compare the size of the readily releasable pool of synapses when they were and were not augmented by applying this treatment to solitary, isolated hippocampal neurons grown in tissue culture on small "islands" (Segal and Furshpan, 1990; Bekkers and Stevens, 1991). Because these cells receive synaptic input only from themselves (autapses), action potentials evoked in the neuron cell body activate all of the synapses that contribute to the response to hyperosmotic challenge. By combining electrical and hypertonic stimulation of these neurons, we were thus able to monitor the size of the readily releasable pool in a synaptic population that was known to be augmented.
A key point is that we conducted the experiments for this study at low calcium concentrations in order to isolate augmentation from short-term depression (Magleby and Zengel, 1976). Under normal conditions, a hippocampal synapse stimulated at high frequency first transiently strengthens (short-term enhancement) and then eventually weakens (short-term depression). These two phenomena are caused by distinct underlying processes since enhancement can be isolated from depression under conditions that reduce the initial probability of release (Katz, 1969) . Perhaps the best-characterized way to decrease the probability of release is to lower the calcium concentration in the saline outside of the synaptic terminal (Dodge and Rahamimoff, 1967). By reducing the amount of calcium that ordinarily flows into the terminal and triggers exocytosis (Augustine and Charlton, 1986), this treatment effectively lowers the fraction of vesicles within the readily releasable pool that undergo fusion following each action potential while leaving the number of vesicles in the pool essentially unchanged (Rosenmund and Stevens, 1996) . During high-frequency stimulation with a sufficiently low calcium concentration, the synaptic strength increases, but little or no depression occurs as it does when the synapse is bathed in a physiological saline (Katz, 1969; Figure 1C ). The constancy of mEPSC size demonstrates that this enhancement is, as expected, a presynaptic event. We thus conclude that our electrical stimulation produces typical augmentation in cultured autaptic connections.
We next sought to resolve the time course over which the augmented synaptic responses return to baseline amplitudes. In this case, the solitary neurons-at the same time both presynaptic and postsynaptic-have a disadvantage compared to more conventional synaptic connections between two different cells. With low extracellular calcium concentrations, autaptic currents are typically so small that their size cannot be accurately measured because the presynaptic regenerative currents that are associated with the action potential dominate the recordings (see Figure 1A) . Therefore, we chose to measure the time course of relaxation of augmentation in synapses between pairs of neurons grown on similarly isolated cell culture islands-a situation in which the amplitude of small postsynaptic currents can be accurately measured.
By simultaneously patch clamping synaptically coupled pairs of neurons, we were able to quantitate the accumulation and decay of short-term enhancement (Figure 2 ). For each pair of cells, we recorded the postsynaptic currents of one cell as we induced a highfrequency train of action potentials in the other (9 Hz for 15 s). On average, the 9 Hz stimulation of the presyn- 
The Size of the Readily Releasable Pool Does Not Increase with Augmentation
We next sought to test the hypothesis that augmentation reflects a short-term increase in the size of the readily releasable pool by measuring the pool size in autapses during the decay of augmentation. Solitary neurons on isolated islands were patch clamped and, as in the experiments detailed above, action potentials were first evoked at 9 Hz for 15 s (250 M Ca   2ϩ ). This time, the isolated neurons were probed with two 4 s long hypertonic solution challenges that served to monitor the size of the readily releasable pool. The first challenge was presented at various times soon after the cessation of high-frequency stimulation and was used to measure Rosenmund and Stevens, 1996) as being traced out as the local tonicity increases to its final value. The actual response is also shaped by depletion that occurs with release, an effect that we ignore here for simplicity. What happens when augmentation is present? If augmentation is an increased propensity for vesicle fusionthat is, a lowered energy barrier for exocytosis-the release rate should be increased as the change in energy barrier from the hypertonic solution sums with that resulting from augmentation. The response to hypertonic solution should again trace out the sigmoid relation between tonicity and release rate, but the response should be shifted to earlier times with an increased release associated with each point on the curve.
Manipulations that induce augmentation do, as expected, cause a concurrent decrease in the time it takes for hypertonic solution to act (Figure 4) . In 37 experiments from five cells, autapses always responded more quickly to the application of hypertonic solutions that were applied within 10 s of the induction of augmentation than to control applications 30 or 60 s later.
We quantified the latent period decrease by estimating the time between the start of hypertonic solution application and the onset of the synaptic response. A straight line was fitted to the middle 90% of the rising phase of the response, and the latency was defined by extrapolating the best fit back to the time of zero response. The time it takes for hypertonic solution to reach the synapses from the puffer pipette varies somewhat between experimental configurations, causing a certain amount of cell-to-cell variability in the resting latency. Nevertheless, after intense electrical stimula- an increase in the rate of release from the readily releasable pool, whether that release is triggered by action potentials or by osmotic shock, and the observation that both effects decay away with the same time course, must lower that barrier in some way. Because vesicular fusion is a mechanical process, we favor a mechanical suggest that the same mechanism underlies the potentiation evident in both assays of transmitter release. mode of action such as the physical deformation of the active zone that must occur as the synaptic terminals Treatments that block augmentation should thus also temper the decrease in hypertonic challenge response extrude water and lose volume. When hypertonic solution is applied rapidly, the local tonicity increases relalatency. When introduced into presynaptic terminals, EGTA has been shown to diminish the accumulation tively slowly because of slow steps in mixing the applied solution in the immediate vicinity of the synaptic memof augmentation by chelating the residual calcium that normally triggers synaptic enhancement (Regehr et al., brane. The membrane deformations themselves occur with additional delays because of the time it takes the 1994). The EGTA, then, should block the decrease in the osmotic latency as well. water fluxes across the membranes to reach their steady rates. As these processes progress, the energy barrier Experiments similar to the ones described above were conducted on isolated solitary neurons before and after for exocytosis is continuously lowered and the release the application of EGTA-AM. Cells were patch clamped rate of readily releasable pool depletion. This observation provides further support for our conclusion that and augmentation was induced with a high-frequency stimulation (10 s at 9 Hz). The autapses were then preaugmentation increases the fraction of the available vesicles that are released by a nerve impulse. sented with hypertonic solution twice. The first presentation was started 1 s after the cessation of action potenEach action potential of the 10 Hz stimulation used to produce depletion would cause considerable calcium tial stimulation, and the second one began 30 s after the end of the first one. The basic experiment was repeated influx, and this would tend to swamp the residual calcium that produces the augmentation induced under several times for each cell, and then 10 M EGTA-AM was bath applied for 5 min. After washing the EGTAlow extracellular calcium conditions (Tank et al., 1995). The effect of augmentation on the depletion rate would AM out of the recording chamber, the experiment was repeated several more times. The hypertonic challenge thus be expected to be underestimated by this method. Although all the cells that we studied displayed robust response latency for each trial was estimated as described above. enhancement in response to the high-frequency train of action potentials in low calcium, a few of them were not As expected, the EGTA treatment did not alter the delay between the beginning of the hypertonic challenges and the onset of transmitter release under rest conditions, but it did inhibit the action potential-induced decrease in the latency to a step change in tonicity ( Figure 5 ). Before the application of EGTA-AM, the highfrequency trains of action potentials reduced the response latency by an average of 10 ms (Ϯ 11 ms SEM; five trials from two cells) and afterward only by 54 ms (Ϯ 13 ms SEM; six trials). This difference was significant (p Ͻ 0.02, two-sample t test for unequal variances).
Augmentation Speeds Onset of Short-Term Depression
If augmentation is indeed an increase in the efficiency with which action potentials trigger the exocytosis of readily releasable vesicles, the available pool should deplete more rapidly at augmented synapses than at control ones. To test this prediction, we have induced tatively different from the one described by Stevens and coworkers (Stevens and Tsujimoto, 1995; Rosenmund
